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Abstract
When a target travels slowly and smoothly along the line of sight of one eye, the eye that is aligned with the target remains sta-
tionary while the other eye adducts. The mechanism that is commonly invoked is that commands signaling conjugate pursuit and
symmetrical vergence are combined. The two signals are in the same direction in the adducting eye but are in the opposite direction
in the stationary eye and, so, cancel. Recent data have challenged this view and the idea that the two eyes are controlled independ-
ently has been resurrected. Pursuit and vergence movements are diﬃcult to separate when they occur together because they have
similar latencies and dynamics. We have developed a method where horizontal vergence is ‘‘tagged’’ by training it to have a vertical
vergence component that can then be identiﬁed in combined pursuit–vergence movements. Four subjects trained eye movements to
have a vertical vergence component by fusing vertical disparities that varied in association with horizontal convergence. Following
training, the vertical vergence aftereﬀect was found whenever horizontal vergence was stimulated regardless of whether the horizon-
tal vergence resulted from movement of the target in the midsagittal plane (symmetrical vergence) or from movement of the target
along the line of sight of one eye (asymmetrical vergence). The vertical vergence aftereﬀect was never observed in association with
conjugate movements indicating that asymmetrical slow eye movements are not controlled monocularly but contain a vergence com-
ponent along with symmetrical smooth pursuit.
 2004 Elsevier Ltd. All rights reserved.
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A basic principle of binocular eye movement coordi-
nation is summarized by an analogy presented by Ewald
Hering in 1868 that ‘‘one and the same impulse of will
drives both eyes simultaneously as we can direct a pair
of horses with single reins’’. Herings law of equal inner-
vation, as this concept is called, implies that all eye
movements can be dissociated into two components, a
conjugate component, in which the two eyes rotate
equally in the same direction, and a vergence compo-0042-6989/$ - see front matter  2004 Elsevier Ltd. All rights reserved.
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directions. In the context of eye movement behavior this
is fairly trite, saying only that the eyes either move to-
gether or they do not. The issue important to theories
of oculomotor control is to what degree the eyes are
yoked at a neural level, and to what extent one eye
can be driven independently of the other. Most anatom-
ical and physiological evidence supports Herings law
and it would have appeared that the matter was settled.
Recently, however, the idea that the two eyes might be
controlled independently has been resurrected (Enright,
1996; King & Zhou, 1995, 2000).
There are known anatomical and physiological corre-
lates of Herings law. In the horizontal system the
abducens nucleus contains not only the motor neurons
(AMNs) that drive the ipsilateral lateral rectus muscle
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rectus motor neurons of the contralateral eye (Gamlin,
Gnadt, & Mays, 1989; Mays & Porter, 1984). If AMNs
and AINs share common inputs (which may or may not
be true), then activation of the abducens nucleus will
result in movement of the two eyes in the same direction.
In the vertical system, individual vertical burst neurons
in the rostral interstitial nucleus of the medial longitudi-
nal fasciculus were found to collateralize in such a way
as to drive both eyes simultaneously during saccadic
eye movements (Moschovakis, Scudder, & Highstein,
1990). Similarly, certain vestibular neurons involved in
the vertical VOR branch bilaterally to agonist motor
neurons (McCrea, Strassman, & Highstein, 1987). With
respect to the vergence component implicit in Herings
law, neurons in the midbrain have been identiﬁed that
discharge in relation to horizontal vergence movements
but not with versional eye movements (Judge & Cum-
ming, 1986; Mays, 1984). These cells project directly to
the ipsilateral medial rectus motor nucleus (Zhang,
Gamlin, & Mays, 1991). Importantly, the discharge of
these cells is the same whether the change in horizontal
vergence is stimulated by movement of the target along
the line of sight of the right eye or left eye (Judge &
Cumming, 1986). Presumably, then, their ﬁring is re-
lated to the horizontal vergence angle and not the indi-
vidual position of either eye. Neurons in the frontal eye
ﬁelds were found to discharge in relation to version, ver-
gence, or combinations of the two and their discharge
during trials in which targets traveled along the line of
sight of one eye could be predicted by the linear summa-
tion of their responses to the version and vergence com-
ponents (Fukushima et al., 2002).
In behavioral experiments, Herings law has been
either explicitly or implicitly tested with respect to the
vestibulo-ocular reﬂex (Paige & Tomko, 1991), saccades
(Enright, 1984, 1992; Erkelens, Steinman, & Collewijn,
1989; Maxwell & King, 1992; Zee, Fitzgibbon, & Opti-
can, 1992), accommodative vergence (Saida, Ono, &
Mapp, 2001) and smooth pursuit (Miller, Ono, & Stein-
bach, 1980; Rashbass & Westheimer, 1961; Semmlow,
Yuan, & Alvarez, 1998). Pursuit–vergence interactions
are particularly diﬃcult to study behaviorally since the
two classes of eye movements have similar latencies
and dynamics so separating them out on the basis of
some parametric feature is uncertain at best. What most
investigators inevitably do is calculate the diﬀerence in
the positions of the two eyes and call the result vergence
and calculate the average position of the two eyes and
call that version. Such deﬁnitions are strictly operational
and say nothing at all about the underlying control sig-
nals. Some researchers have tried to test the assumption
of the linear additivity of version and vergence signals
during slow tracking movements by ﬁnding or creating
an identifying characteristic, i.e., a marker, which allows
them to distinguish between these two components.Rashbass and Westheimer (1961), for instance, pre-
sented their subjects with stimuli containing sinusoidal
pursuit and vergence components of diﬀerent frequen-
cies that could then be detected during combined move-
ments. In addition, they noted that prolonged sinusoidal
tracking in depth resulted in a deterioration of the ver-
gence response thereby serving as a marker for horizon-
tal vergence. The same deterioration was seen when
combinations of sinusoidal pursuit and horizontal ver-
gence were presented. Similarly, Semmlow et al. (1998)
noted that the tracking error was higher with vergence
than with smooth pursuit movements and used the root
mean square error as a marker for each type of move-
ment. They found that the RMS errors during combined
pursuit–vergence movements were similar to what was
predicted from the sum of the two errors measured indi-
vidually. Both of these studies concluded that pursuit–
vergence interactions are for the most part predicted
by the linear addition of conjugate pursuit and symmet-
rical vergence signals (the Additivity Hypothesis).
Proponents of the position that the two eyes are inde-
pendently controlled contend that the two eyes move to-
gether, not because they are hard-wired that way, but
because the system has learned by experience to move
conjugately for far targets and disconjugately for near
targets. There is some evidence to substantiate this point
of view. For example, if one eye is patched for long peri-
ods of time the eyes lose coordination, resulting in ver-
tical (Sparks, Gurski, Mays, & Hickey, 1986; Viirre,
Cadera, & Vilis, 1987) and torsional (Graf, Maxwell,
& Schor, 2002) misalignments. This argument is not
altogether persuasive since no one would expect the
movements of the two eyes to be perfectly matched from
birth until death even if Herings law were correct.
Rather, it is assumed that adaptive mechanisms com-
pensate for changes in the ‘‘hard wiring’’ due to develop-
ment, disease and injury (e.g., Maxwell, Graf, & Schor,
2001; Maxwell & Schor, 1994, 1996; Schor, Maxwell, &
Graf, 2001). King and Zhou (1995) have made a case for
the monocular control of smooth pursuit initiation
based on a comparison of the velocity and acceleration
proﬁles of conjugate and non-conjugate slow eye move-
ments. Their interpretation was supported by Enright
(1996) who believed that the monocular control of slow
eye movements explained the asymmetrical vergence
movements he occasionally observed in his subjects.
These arguments will be explored in more detail in Sec-
tion 4.
In the present experiments, we have developed a
novel marker for horizontal vergence to test between
the Additivity Hypothesis (Herings law) and theMonoc-
ular Control Hypothesis (Fig. 1). Prior experiments have
shown that vertical phoria (open loop vertical vergence)
can be adapted to vary in association to horizontal ver-
gence position (Schor & McCandless, 1995) and,
although not conclusive, the data suggested that the
Fig. 1. Two hypotheses. See text for details.
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ically with the horizontal vergence angle and not with
the position of either eye alone. For this reason, we
thought that vertical phoria adaptation could serve as
a marker for horizontal vergence during eye movements
stimulated by targets traveling along the line of sight of
one eye.Filters
Red Green
RedGreen
Fig. 2. Training paradigm: The target for the left eye either elevated
(depicted) or depressed with adduction while the target for the right
eye remained stationary. The images to the two eyes were segregated
using red and green ﬁlters in conjunction with red and green targets.
The targets were approximately 10 in diameter.2. Methods
2.1. Eye movement recording and data analysis
Eye movements were recorded binocularly at 60 Hz
with a video-based eye tracker (SMI, Germany). Each
session began with a calibration of the vertical and hor-
izontal positions by having subjects ﬁxate a horizontal
and vertical array of targets that spanned ±10 in each
direction. Data were monitored on line during the exper-
iment and were saved to hard disk for later analysis.
Data were examined oﬄine and video frames in which
eye position was not tracked correctly, due to eyelid clo-
sure for example, were excluded. Average eye positions
and standard deviations were calculated (Igor Pro,
WaveMetrics) for the 5-s periods during which the tar-
gets were stationary.
The systems cameras and mirrors were mounted in a
rigid aluminum frame that also held a mouth-bite appa-
ratus and forehead rest. The mouth bite and headrest
assured that the subjects maintained the same position
relative to the cameras throughout the session. A red ﬁl-
ter was placed in front of the subjects right eye and a
green ﬁlter in front of the left eye so that separate red
and green images could be projected to the two eyes.
The images were rear projected onto a tangent screen
at a distance of 110 cm from the subject. The room
was dark accept for the images and from diﬀuse lighting
from the projector. To prevent the possibility of the sub-jects seeing any fusible shapes or edges other than those
provided by the experiment, subjects viewed the target
screen through apertures that were diﬀerently shaped
for the two eyes. The ﬁlters and apertures were approx-
imately 6 cm in front of the eyes and allowed a ﬁeld of
view of 40 horizontally and vertically.
2.2. Training
During binocular training, the target for the left eye
moved smoothly at 5/s to the right and back while
the target for the right eye remained stationary. Vertical
disparities were presented in association with the left eye
at the rate of 0.2/degree of adduction. Therefore, verti-
cal vergence varied smoothly from 0 during simulated
far viewing to 2 for simulated near viewing. Some sub-
jects were not able to fuse such large vertical disparities
at ﬁrst so they were initially presented with smaller ver-
tical disparities that were increased to 2 over the course
of the 1-h training period. The training targets consisted
of two identical bulls-eye-style targets (Fig. 2) except
that one was red and the other was green. For both
training and testing targets, horizontal vergence was
stimulated by horizontal disparity only and no eﬀort
was made to produce the correct size, blur, or other
monocular depth cues for the simulated distance.
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Four subjects participated in this study and all signed
letters of consent. Subjects were tested before and after
training with symmetrical vergence, conjugate pursuit,
and asymmetrical vergence trials as described below.
This nomenclature is used for convenience and is not
meant to imply a mechanism. The three trial types were
presented sequentially within a set and at least ﬁve sets
of test data were recorded for each subject for each ses-
sion. During post-training testing, two cycles of the
training stimulus were presented at the end of each data
set as a refresher. Horizontal eye position was controlled
by projecting a long vertical line to each eye (red for the
right eye and green for the left). The use of extended ver-
tical lines left vertical vergence open loop while aﬀording
feedback for horizontal vergence. The lines spanned the
length of the (unequally shaped) apertures and neutral
density ﬁlters blurred the ends of the lines.. This was
all to ensure that the ends of the lines would not provide
a stimulus for vertical eye alignment. The vertical eye
position of one eye was controlled by placing a small
target spot (0.6 diameter) on the center of one of the
vertical lines as speciﬁed below. Therefore, there was
never a stimulus for vertical fusion during testing. The
three test trial types are as follows:
Symmetrical vergence: The red and green vertical
lines moved horizontally 5 at 5/s but in opposite direc-
tions. Two repetitions were given. In the ﬁrst presenta-
tion, the elevation of the left eye was controlled by
superimposing a green target spot on the center of the
green line. There was no target spot on the right eye
so it was free to change elevation. In the second presen-
tation, no target spot was given and subjects were asked
to keep their eyes in the center of the vertical lines.
Conjugate pursuit: The red and green vertical lines
moved synchronously 10 to the right and back to
straight ahead at 5/s. Two trials were given. In the ﬁrst
presentation, a red target spot was placed on the red ver-
tical line and in the second presentation a green target
spot was placed on the green vertical line, therefore,
the left eye was open loop for vertical in the ﬁrst trial
and the right eye was open loop for vertical in the second.
Aligned target: The red line remained stationary in
front of the right eye while the green line moved nasally
10 at a speed of 5/s, which simulates (disparity-wise) a
target moving along the line of sight of the right eye.
Two trials were given: In the ﬁrst trial, a green target
spot was placed on the left eyes vertical line and for
the second trial a red target spot was placed on the right
eyes vertical line.
Aligned target steps: Two subjects were tested with
the virtual near and far targets aligned with the right
eye as described above but the target for the left eye
was stepped from one position to the other instead of
being moved smoothly.2.4. Predictions
The experiments were conceptually simple: vertical
vergence was used as a marker for horizontal vergence.
If the Additivity Hypothesis pertained then we would
expect to see vertical vergence during open loop testing
in the Symmetrical Vergence and Aligned Target trials
but not in Conjugate Pursuit trials, that is, the aftereﬀect
would be observed whenever horizontal vergence was
present no matter what the cause of the vergence. If,
on the other hand, the Monocular Control hypothesis
were followed, then the aftereﬀect would be observed
whenever the left (trained) eye adducted regardless of
whether it was adducting in conjunction with a version
or vergence. While conceptually simple, in practice, the
predictions are complicated by the need to control the
vertical position of one eye with a target spot. Fig. 3
illustrates predictions made by the two hypotheses.
Fig. 3A illustrates the predicted results for the Addi-
tivity hypothesis following training where the left eyes
target elevated with adduction and the right eyes target
remained stationary. During Symmetrical-Vergence test-
ing with the target spot on the left eye, SV(L) in Fig. 3A,
the entire 2 vertical vergence aftereﬀect is predicted to
result from a change in the vertical position of the right
eye (gray bars) because the target spot prevented vertical
movement of the left eye. When the target spot is not
present, SV(N), both eyes are predicted to contribute
equally to the vertical vergence aftereﬀect. During con-
jugate pursuit movements to the right, no aftereﬀect is
predicted whether the target spot is on the left, RP(L),
or right, RP(R), eye because adaptation was associated
with horizontal vergence angle and not the position of
either eye alone. During Aligned Target trials when
the target spot is viewed by the left eye, AR(L), the right
eye is predicted to elevate in response to horizontal ver-
gence. When the target spot is viewed by the right eye,
AR(R), the left eye should depress in association with
horizontal vergence. Again, the Additivity hypothesis
predicts that the vertical aftereﬀect is associated with
the horizontal vergence position and not the position
of either eye alone.
The predicted changes in vertical eye position with re-
spect to the Monocular Control hypothesis are slightly
more complicated. The simplest case would be if the left
eye adapted to the training stimulus and the right eye
did not (because its target remained stationary during
training). The training aftereﬀect, therefore, should be
observed whenever the left eye adducts. However, a tar-
get spot was provided to control the elevation of one eye
during testing, so when the target spot is viewed by the
left eye the adaptation-induced elevation of the left eye
would need to be cancelled in order for that eye to stay
on target. Such a cancellation signal could either be
monocular and speciﬁc for the left eye (Fig. 3B) or it
could be a conjugate signal that aﬀects the elevation of
Fig. 3. Predicted vertical eye position for the six test stimuli for the left eye (striped bars) and the right eye (gray bars) following training. Predictions
are explained in the text. SV: Symmetrical vergence. RP: Right pursuit. AR: Targets aligned with right eye. The letter in parentheses indicates which
eye viewed a target spot to control vertical eye position, right (R), left (L) or neither (N).
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trained to elevate with adduction, then a binocular con-
jugate downward cancellation signal during testing
would not only cancel the upward movement of the left
eye but would drive the right eye down making it appear
as though it too had adapted when it had not (Fig. 3C).
Alternatively, since vertical disparities were present
during adaptation, a vertical vergence response might
have been adapted in association with the adduction
of the left eye. In this scenario, the aftereﬀect would
be a vertical vergence even if the horizontal pursuit were
driven monocularly (Fig. 3D). If this were true and a
vertical vergence movement had been commanded in
response to the training stimulus, then a vertical cancel-
lation signal would be required to keep the right eye ﬁx-
ating on its stationary target during training. This
cancellation signal could be monocular and exclusive
for the right eye or binocular and conjugate. Further-
more, the cancellation signal may or may not be persist-
ent, i.e., adapt, and add to the vertical aftereﬀect.
We examined all of the possible combinations of
adaptive responses and cancellation signals and while
there were many possible outcomes, fortunately, there
was one constant prediction: if adaptation of eye eleva-
tion (either monocular or binocular) were in association
with adduction of the left eye as prescribed by the
Monocular Control hypothesis, then the vertical afteref-
fect should be observed during conjugate pursuit trials
during testing no matter if the adaptive signal were
monocular or binocular or whether vertical cancellation
signals were monocular or binocular and whether the
vertical cancellation signals did or did not adapt. Alter-natively, if the vertical aftereﬀect were not observed dur-
ing Conjugate Pursuit trials but were observed during
Symmetrical Vergence and Aligned trials then the Addi-
tivity hypothesis would be supported.3. Results
An example of the eﬀect of training is shown in Fig. 4
for subject PM. During the 1-h training session, a left
hyperdisparity was associated with convergence, that
is, the training target for the left eye elevated with
adduction while the training target for the right eye re-
mained stationary as illustrated in Fig. 2. Each trace
in Fig. 4 is the average of ﬁve repetitions of the test par-
adigm. The traces show all six trial types in the order in
which the data were collected and are marked in Fig. 4A
as: SV(L)—symmetrical vergence with a target spot for
the left eye; SV(N)—symmetrical vergence with no tar-
get spot; RP(R)—conjugate pursuit to the right and
back to center with a target spot for the right eye;
RP(L)—conjugate pursuit to the right and back with a
target spot for the left eye; AR(L)—virtual movement
of the target along the line of sight of the right eye with
a target spot for the left eye; AR(R)—virtual movement
of the target along the line of sight of the right eye with a
target spot for the right eye. The uppermost set of traces
(Fig. 4A) indicates the horizontal movement of the ver-
tical target lines during testing and the superimposed
dots indicate which eye was controlled with a target
spot. The horizontal vergence traces (Fig. 4B) indi-
cate that the subject made the same size convergence
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Fig. 4. Target and eye movement traces for subject PM following adaptation. All traces are the average of ﬁve trials. (A) Target position for left eye
(black lines and dots) and right eye (gray lines and dots). Traces represent the horizontal position of the red and green vertical lines and the dots
indicate which eye received the target spot for controlling eye elevation. See text for other details. (B) Horizontal vergence before (gray line) and after
(black line) training. (C) Diﬀerence in vertical eye position from pre-training to post-training for the left (black line) and right (gray line) eyes. (D)
Change in vertical vergence from pre-training to post-training. Horizontal bars show the mean value for the interval indicated and are intersected by
vertical lines showing standard deviations. (For interpretation of the references in colour in this ﬁgure legend, the reader is referred to the web version
of this article.)
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training. All of the test data were collected with vertical
vergence open loop.
The ﬁnal value of the training stimulus was 2.0 of
vertical disparity for subject PM and the ensuing vertical
vergence aftereﬀect observed is about one half of this
requirement. The amplitude of the vertical vergence
aftereﬀect is similar for all cases of horizontal vergence
regardless of trial type as is evident in Fig. 4D. There
is no substantial vertical vergence during conjugate hori-zontal pursuit movements indicating that adaptation
was speciﬁc to horizontal vergence and not to the hori-
zontal position of either eye alone. If horizontal pursuit
were monocular and if the Monocular Control hypoth-
esis were correct then one would expect the left eye to
depress with adduction whether the adduction were
associated with a horizontal vergence or to a pursuit
movement to the right. This does not occur as can be
seen in the individual right and left eye traces in Fig.
4C. Rather, the results are consistent with the Additivity
J.S. Maxwell, C.M. Schor / Vision Research 44 (2004) 3015–3024 3021hypothesis in that the vertical vergence aftereﬀect is ob-
served in all cases of horizontal vergence regardless of
trial type.
To facilitate a comparison between trial types and be-
tween the four subjects, the average changes in vertical
eye position and vertical vergence due to adaptation
(that is, post-training minus pre-training) were calcu-
lated for the 5-s periods in which the targets were sta-
tionary. One such period is demarcated by the dotted
lines labeled ‘‘a’’ in Fig. 4A. The average vertical ver-
gence was also calculated for the 5-s period following
the convergence or pursuit movement when the eyes
had returned to and were stationary at the straight-
ahead position (the interval labeled ‘‘b’’ in Fig. 4A).
The thick horizontal lines superimposed on the graph
of vertical vergence in Fig. 4D represent the mean values
calculated for each of the 5-s intervals. The change in
vertical vergence from one interval to the next (interval
‘‘a’’ minus interval ‘‘b’’ in Fig. 4A) was then calculated.
This value is plotted in the top-left panel of Fig. 5 for
subject PM. The average vertical eye position during
each 5-s interval was also calculated separately for the
right and left eyes and the results are plotted at the bot-
tom-left panel of Fig. 5 for subject PM. The error bars
signify plus and minus one standard deviation of the
mean (n averaged 283 samples for each of the two 5-s
periods). This process was repeated for each of the four
subjects and the mean response for the four subjects is
shown in the two right-hand panels of Fig. 5. Some sub-
jects had trained with a left hyperdisparity and others
with a right hyperdisparity and so the sign was ﬂipped
for the subjects that trained with a right hyperdisparity
for the purpose of averaging. None of the subjectsFig. 5. Changes in vertical eye position following adaptation for subject PM (
The upper row shows the change in vertical vergence from pre- to post-trainin
and right (solid bars) eyes. Error bars show ±one standard deviation. Abbreshowed any signiﬁcant indication of the training afteref-
fect during conjugate pursuit trials and all showed the
pattern predicted by the Additivity hypothesis (compare
the lower-right panel of Fig. 5 with Fig. 3A).
3.1. Step changes in horizontal disparity
Was the adaptation speciﬁc to slow eye movements or
would any change in horizontal vergence reveal the
adaptive aftereﬀect? Two of the subjects (PM and JM)
were tested before and after training using Aligned Tar-
get trials in which the target stepped from the simulated
far distance to the simulated near distance instead of
moving smoothly as in prior tests. The dynamics of
the ensuing movements were too fast to record reliably
at 60 Hz so we could not separate out fast and slow
components but based on myriad reports in which sac-
cade–vergence interactions have been studied (e.g.,
Erkelens et al., 1989; Zee et al., 1992; Maxwell & King,
1992) we assume that the resulting eye movements con-
tained a combination of saccades and vergence move-
ments. Fig. 6 suggests that the aftereﬀect is related to
horizontal vergence regardless of whether the stimulus
involves small or large disparities (ramps or steps of tar-
get position) and whether the ensuing eye movements
are slow and smooth or have fast and slow components.4. Discussion
Vertical vergence was used as a marker for horizontal
vergence. Following adaptation, the marker was always
observed during symmetrical and asymmetrical vergenceleft column) and for all four subjects averaged together (right column).
g and the lower row shows changes for the individual left (striped bars)
viations for test stimuli are as in Fig. 3.
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pursuit movements. These results do not support the no-
tion that slow eye movements during asymmetrical ver-
gence are independently controlled for the two eyes.
The idea that slow eye movements are controlled
monocularly can be called into question on other
grounds: it is well known that when a target is tracked
along the line of sight of one eye, numerous changes
occur in the stationary eye, including contraction of the
inferior oblique and a change in muscle pulley positions
(Demer, Kono, & Wright, 2003), increases in the dis-
charge rates of near response neurons (Judge & Cum-
ming, 1986), changes in the rate of Abducens motor
neurons (King et al., 1994; Zhou & King, 1998), and
gaze-angle-dependent changes in the torsional position
of both eyes (Porrill, Ivins, & Frisby, 1999; Steﬀen,
Walker, & Zee, 2000). That is a lot going on for an
eye not to move if the other eye could adduct independ-
ently. Most of the abovementioned changes in the
aligned eye are probably involved with the cyclotorsion
required to keep horizontal meridians of the two retinasin alignment during near viewing as described by the
binocular extension of Listings Law (Tweed, 1997;
van Rijn & van den Berg, 1993). This does not abso-
lutely preclude the existence of independently controlled
pursuit but it means that all of the binocular torsional
changes in the aligned eye would have to be triggered
whenever adduction of the non-aligned eye leads to con-
vergence but not when it is part of a conjugate pursuit
movement. The results of Judge and Cumming (1986)
are a more serious problem for the Monocular Control
hypothesis. If near response neurons change their dis-
charge when targets travel along the line of sight of a
stationary eye and if they excite medial rectus motor
neurons binocularly, as is usually assumed, then a can-
cellation signal has to be sent to the oculomotor nucleus
of the aligned eye so that the medial rectus does not con-
tract. The alternative, i.e., that eye position of the
aligned eye is maintained by co-contraction of the med-
ial rectus and lateral rectus muscles, has been shown not
to occur (Demer et al., 2003; Miller, Bockisch, &
Pavlovski, 2002). Since the direction of the cancellation
J.S. Maxwell, C.M. Schor / Vision Research 44 (2004) 3015–3024 3023signal in the stationary eye is essentially in the same
direction as the adducting eye, the two signals are in this
sense conjugate and so Herings law is preserved even if
premotor neurons are not explicitly conjugate as some
authors suggest (Sylvestre, Choi, & Cullen, 2003; Zhou
& King, 1998).
4.1. Prior experiments
Enright (1996) has proposed that horizontal vergence
movements are programmed independently for the two
eyes when gaze is shifted between near and far targets
that are aligned with one eye. For some of his subjects,
the non-aligned eye occasionally made slow eye move-
ments while the aligned eye remained fairly stationary.
He took this as evidence for monocular vergence. Inter-
estingly, using the same stimuli in another set of exper-
iments, Enright argued for the monocular control of
saccadic eye movements (Enright, 1984, 1992). One
would have to ask why, if subjects are able to make dis-
junctive saccades, they would use much slower monocu-
lar vergence movements to shift their gaze between near
and far stationary targets. It is possible that the appar-
ently monocular vergence movements that Enright ob-
served resulted from the addition of a symmetrical
accommodative vergence signal with a conjugate pursuit
signal in compliance with Herings law. The pinheads
that were used as targets in Enrights experiment would
have provided good stimuli for accommodation. In line
with this idea, Saida et al. (2001) tested accommodative
vergence by having subjects view monocularly a target
that remained either stationary in the world (closed-loop
condition) or that was stabilized on the retina by feed-
back of the eye movement signal (open-loop condition)
when a 3 diopter lens was introduced or removed. In the
open-loop case, the resulting accommodative vergence
was symmetrical. In the closed-loop case, the eyes initi-
ated a symmetrical vergence movement but the move-
ment of the viewing eye was almost immediately
canceled by what appeared to be a conjugate signal since
irregularities in the movements of the two eyes were
nearly identical. During these asymmetrical vergence
movements, the adducting eye moved at twice the speed
as it did during symmetrical vergence in the open-loop
condition (that is, vergence speed was the same in both
cases). These results and the previously mentioned re-
sults of Rashbass and Westheimer (1961) and Semmlow
et al. (1998) are consistent with the Additivity hypothe-
sis and suggest that a conjugate pursuit signal is added
to an ongoing vergence movement to cancel movement
of the stationary eye.
King and Zhou (1995) had monkeys make smooth
pursuit movements to targets that moved conjugately
in the frontal plane, symmetrically in the midsagittal
plane, or aligned along the line of sight of one eye so
that one eye did not need to move while the other eyeadducted. Because the dynamics of the conjugate pur-
suit and asymmetrical vergence eye movements were
similar the authors concluded that smooth pursuit, or
the initiation of smooth pursuit at least (they analyzed
only the ﬁrst 100 ms), is controlled independently for
each eye and is not the result of the addition of symmet-
rical horizontal vergence and conjugate pursuit. In con-
trol trials, the pursuit stimulus was preceded by a 10-
step in uncrossed disparity to generate what the authors
called a ‘‘symmetrical vergence response’’. This was used
as evidence that vergence movements (from the classical
vergence system) could be distinguished from pursuits
on the basis of their latency and symmetry. In the Dis-
cussion, the authors suggested that the role of near re-
sponse cells is ‘‘to adjust and maintain ocular
alignment and lens accommodation during ﬁxation of
visual targets’’ and that ‘‘fusional vergence could oper-
ate in parallel with [other systems] to continuously ad-
just (over a limited range) ocular vergence so as to
minimize disparity’’. In other words, they say that (clas-
sical) vergence can be elicited by either large (10) or
small (fusional) disparities. The authors chose to call
the response to a target traveling slowly toward the
monkey along the midsagittal plane ‘‘pursuit’’ although
it is not clear to us how one distinguishes retinal dispar-
ities from retinal slip in this instance. The authors al-
lowed the possibility that the classical vergence system
operates in parallel with a pursuit system that is capable
of independent control of each eye. It is not clear why
NRCs would elicit a vergence signal that then needs to
be cancelled in the aligned eye if pursuit eye movements
could be controlled monocularly. What has become evi-
dent is that premotor and motor signal processing is
much more complex than was once thought and the no-
tion that a conjugate signal combines with a vergence
signal to create asymmetrical vergence movements is
probably overly simplistic (see Mays, 2004 for a recent
review). The present experiments demonstrate that the
horizontal vergence system participates in asymmetrical
eye movements when tracking a smoothly moving target
in three-dimensional space.Acknowledgments
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